Abstract-High salt intake may affect left ventricular mass (LVM). We hypothesized that urinary sodium (UNa) and sodium/potassium ratio (UNa/K) are associated with LVM in a predominantly normotensive cohort of young adults. The Coronary Artery Risk Development in Young Adults (CARDIA) Study is a multicenter cohort of black and white men and women aged 30Ϯ3.6 years at the time of baseline echocardiographic examination (1990 -1991). 2D guided M-mode LVM indexed to body size (grams per meter 2.7 ) was calculated, and UNa and potassium excretion assessed (average of three 24-hour urinary samples, nϭ1042). Linear and logistic regression analysis was used. Participants were 57% women and 55% black. Only 4% were hypertensive. UNa, urinary potassium, and UNa/K ratios were (meanϮSD) 175.6Ϯ131.0, 56.4Ϯ46.3, and 3.4Ϯ1.4 mmol/24 h, respectively. Participants in the highest versus the lowest UNa excretion quartile had the greatest LVM (37.5 versus 34.0 g/m 2.7 ; PϽ0.001). Adjusted for age, sex, education, and race, LVM averaged 0.945 g/m 2.7 higher per SD of UNa/K (Pϭ0.001). The relationship between UNa/K and LVM persisted among 399 participants with repeat echocardiographic measures 5 years later. In logistic regression analysis adjusted for age, sex, education, and race, each SD higher baseline UNa/K was associated with 23% and 38% greater chances of being in the highest quartile of LVM at baseline (odds ratio: 1.23; Pϭ0.005) and 5 years later (odds ratio: 1.38; Pϭ0.02). A higher sodium/potassium excretion ratio is significantly related to cardiac structure, even among healthy young adults. (Hypertension. 2011;58:410-416.) • Online Data Supplement Key Words: urinary sodium Ⅲ urinary potassium Ⅲ sodium/potassium ratio Ⅲ left ventricular mass E pidemiological data have shown that increased left ventricular (LV) mass (LVM) is an independent predictor of morbidity and mortality from cardiovascular disease. 1 The relationship between LVM and cardiovascular risk is independent of hypertensive status. Chronic or intermittent adrenergic stimulation, even in the absence of overt hypertension, can cause increased LVM; normotensives with increased LVM may be at risk of developing clinical hypertension. 2, 3 Multiple clinical trials have established that lowering sodium intake reduces systolic blood pressure. 4, 5 An elevated sodium/potassium intake ratio has been shown to be more predictive of cardiovascular events than sodium intake alone. 6 Previous studies have suggested a relationship between sodium intake and LVM, but most had small sample sizes, used select populations of hypertensives, did not have prospective follow-up, were done with experimental animal models, did not use 24-hour urinary excretion to assess sodium intake, or did not examine the effect of sodium and potassium intake together on LVM. 7-13 High dietary salt intake can start early in life and may cause cardiovascular effects. However, it is not known whether potassium intake alone or sodium/potassium intake ratio are associated with LVM among healthy young adults irrespective of hypertensive status or blood pressure.
pidemiological data have shown that increased left ventricular (LV) mass (LVM) is an independent predictor of morbidity and mortality from cardiovascular disease. 1 The relationship between LVM and cardiovascular risk is independent of hypertensive status. Chronic or intermittent adrenergic stimulation, even in the absence of overt hypertension, can cause increased LVM; normotensives with increased LVM may be at risk of developing clinical hypertension. 2, 3 Multiple clinical trials have established that lowering sodium intake reduces systolic blood pressure. 4, 5 An elevated sodium/potassium intake ratio has been shown to be more predictive of cardiovascular events than sodium intake alone. 6 Previous studies have suggested a relationship between sodium intake and LVM, but most had small sample sizes, used select populations of hypertensives, did not have prospective follow-up, were done with experimental animal models, did not use 24-hour urinary excretion to assess sodium intake, or did not examine the effect of sodium and potassium intake together on LVM. [7] [8] [9] [10] [11] [12] [13] High dietary salt intake can start early in life and may cause cardiovascular effects. However, it is not known whether potassium intake alone or sodium/potassium intake ratio are associated with LVM among healthy young adults irrespective of hypertensive status or blood pressure.
The Coronary Artery Risk Development in Young Adults (CARDIA) Study is a population-based cohort study of cardiovascular risk factors and subclinical disease among a sample of black and white young adults. The CARDIA Study provides a unique opportunity to investigate the association of excess salt and low potassium intake as measured by urinary sodium (UNa) and urinary sodium/potassium (UNa/K) excretion ratio with LVM. We hypothesized that higher UNa and UNa/K ratio would be associated with higher LVM.
Methods
The CARDIA cohort was initially composed of 5115 participants who were aged 18 to 30 years at the time of enrollment (1985) (1986) , year 0). Participants were recruited and examined at 4 field centers located in Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA. The overall design and objectives of the CARDIA Study have been presented in detail elsewhere. 14 After a 5-minute rest, blood pressures were assessed at three 1-minute intervals on the right arm of seated participants with a random 0 sphygmomanometer and an appropriately sized cuff by trained and certified technicians. 15 First-and fifth-phase Korotkoff sounds were recorded, and the mean of the second and third blood pressure measurements was used in our analyses. Height and weight were measured with the participant wearing light clothing and no shoes. Height was recorded to the nearest 0.5 cm and weight to the nearest 0.2 lb. Echocardiograms were performed in 4243 participants, aged 23 to 35 years, as part of the third (year 5) CARDIA examination in 1990 -1991 and again in the Chicago and Minneapolis clinics 5 years later (year 10). Three 24-hour urine samples were collected from 1100 participants at year 5 as part of an ancillary study. The 1042 participants from whom both echocardiographic and urinary measures were obtained at year 5 compose the study population for this report; data from 399 participants from Chicago and Minneapolis who underwent follow-up echocardiograms at year 10 were used for prospective analyses.
Echocardiograms/LVM
Briefly, for each participant M-mode, 2D, spectral and color flow Doppler studies were performed in standard fashion. Measurements were made offline from digitized images at a central echocardiography reading site (University of California, Irvine). Quality control measures for echocardiography, including interreader and intrareader measurement variability, have been reported previously. 16 LVM was derived from 2D guided M-mode measurements made according to conventions established by the American Society of Echocardiography (ASE) 17 : ASE LVMϭ1.04 (LV internal diameterϩ LV septal thicknessϩLV posterior wall thickness) 3 Ϫ(LV internal diameter) 3 . Because the ASE LVM overestimates autopsy LVM by 20%, the modified ASE formula proposed by Devereux et al 18 was applied: LVMϭ0.8 (ASE LVM)ϩ0.6. LVM was then indexed by dividing LVM by height (in meters) to the allometric power of 2.7 and analyzed as a continuous variable as recommended by ASE to reduce the confounding effects of body size on LVM. 19, 20 Relative wall thickness was calculated as twice the posterior wall thickness divided by the end diastolic LV dimension. 21 
UNa and Potassium Excretion
Measurement of 24-hour UNa and urinary potassium (UK) is probably the most reliable and valid estimate of sodium and potassium intake in clinical practice. 22, 23 Because of an individual's day-to-day variations in food availability and personal food preferences, three 24-hour urinary excretion specimens were collected for Ͼ3 days in an attempt to estimate each participant's usual sodium intake. The 24-hour urinary excretion specimens were analyzed for both UNa and UK. UNa, UK, and UNa/K ratio were computed for each day and then averaged over a 3-day period to minimize the effect of day-to-day variation. Glomerular filtration rate was estimated by the Modification of Diet in Renal Disease formula.
Statistical Analysis
We examined the relation of year 5 LVM with year 5 UNa, UK, and UNa/K ratio by regression models analyzing UNa, UK, and UNa/K ratio as continuous variables or categorizing participants by quartiles of UNa excretion. PROC GLM (general linear models procedure) was used to compare mean LVM for the highest versus the lowest quartile of UNa excretion given our unbalanced design. To examine the cross-sectional and prospective relationship of baseline (year 5) UNa, UK, and UNa/K ratio with LVM, linear regression models were used to determine how an SD unit of each year 5 urinary variable was related to year 5 or year 10 LVM, respectively. The prospective analysis was performed with and without adjusting for baseline LVM. In addition, we used logistic regression analysis to determine separately the odds of being in the highest quartile of LVM at either baseline or 5 years later according to baseline UNa, UK, and UNa/K ratio. We performed separate year 10 analysis using updated measurements of body mass index (BMI), defined as measured weight (in kilograms) divided by measured height squared (meters squared), and blood pressure in our longitudinal data set.
Factors known to be associated with LVM or cardiovascular risk were measured contemporaneously with the baseline echocardiographic study. The following covariates, chosen a priori, composed our base multivariable model: race, sex, age (in years), and educational level assessed by total years of education completed as of the year 5 examination, both as a continuous variable and classified into 3 categories (completed high school or less, completed high school and college, and completed at least some postcollege education). We also tested the addition of other covariates to our base model including the following: (1) systolic and diastolic blood pressures (in millimeters of mercury); (2) physical activity, defined as the total of the heavy and moderate intensity scores calculated from responses to the CARDIA Physical Activity Questionnaire; (3) self-reported diabetic status; and (4) BMI. We explored the baseline crosssectional relation between sodium and potassium intake with BMI using a Pearson r correlation.
Results
Baseline (CARDIA year 5) characteristics are presented in Table 1 . Overall, the mean age of participants was 30 years, and there were more women than men in the study. A third of the cohort had less than high school education. Almost a third of the cohort reported current smoking; 0.1% and 15.0% of participants had a glomerular filtration rate Ͻ30 mL/min or a BMI Ͼ40 kg/m 2 , respectively. Most participants were free of chronic medical problems. Diabetes mellitus and hypertension were relatively uncommon (2% and 4%, respectively). Unadjusted correlates of greater LVM included greater age, greater BMI, current smoking, greater creatinine levels, black race, greater systolic blood pressure, greater diastolic blood pressure, and 
Urinary Sodium
In unadjusted cross-sectional analysis at year 5, participants in the highest versus lowest quartile of UNa had significantly greater LVM (34.0 versus 37.5 g/m 2.7 ; PϽ0.001). In age-, sex-, education-, and race-adjusted models, greater UNa was significantly associated with greater LVM. For each additional SD unit increment of UNa excretion, LVM averaged 0.95 g/m 2.7 higher. In further multivariable analysis adjusted for other covariates (systolic blood pressure, diastolic blood pressure, physical activity, BMI, and diabetes mellitus), only the inclusion of BMI in the model attenuated the association of UNa with LVM to nonsignificance (Tables 2 and 3 ).
In the subsample of 399 participants with year 10 echocardiographic measures, the relationship between UNa and LVM persisted from year 5 to year 10. Each SD unit greater baseline UNa was significantly associated with Ϸ3-fold greater odds of being in the highest LVM quartile 5 years later in the base multivariable model. This relationship became statistically nonsignificant in our full model (Tables 2 and 3 ). The relationship between baseline UNa and year 10 LVM depended on baseline LVM and did not persist with inclusion of year 5 LVM as a covariate (data not shown). The highest and lowest quartiles of baseline UNa and LVM were associated with the highest and lowest mean LVMs, respectively, at year 10.
Urinary Potassium
UK was not associated with LVM at baseline or 5 years later in either unadjusted or multivariable-adjusted analysis (all year 5 analysis: PϾ0.20; all year 10 analysis: PϾ0.10).
UNa/K Ratio
UNa/K ratio was more strongly associated with baseline LVM than UNa or UK alone, but the standard errors did overlap. However, unlike what was observed with UNa alone, the association of UNa/K ratio with baseline LVM remained statistically significant despite inclusion of BMI in our full multivariable model. In age-, sex-, education-, and raceadjusted analysis, greater UNa/K excretion was significantly associated with greater LVM (for each additional SD increment of UNa/K ratio, LVM averaged 1.14 g/m 2.7 higher with 23% higher odds of being in the highest quartile of LVM). In all of the multivariable models with inclusion of other covariates (systolic blood pressure, diastolic blood pressure, physical activity, BMI, and diabetes mellitus), the association of UNa/K ratio with LVM remained statistically significant. For each additional SD increment of UNa/K ratio, LVM averaged 0.77 g/m 2.7 higher with 19% higher odds of being in the highest quartile of LVM. (Tables 2 and 3 ) On prospective adjusted analysis, baseline UNa/K ratio showed a nonsignificant (Pϭ0.07) trend of 33% greater odds of being in the highest quartile of LVM 5 years later (Table 3) .
Sensitivity Analysis
The results of sensitivity analysis showed consistent results using the following: (1) body surface areaϪindexed LVM 24 measurements; (2) either waist circumference or waist/height ratio instead of BMI as measures of obesity; and (3) analyzing subsets that excluded obese, hypertensive, and diabetic subjects. When using updated year 10 BMI and blood pressure measurements in our prospective analyses, only baseline UNa/K ratio showed a nonsignificant trend (Pϭ0.06) of being associated with LVM, even in full models using alternate measures of obesity. Including smoking status or excluding those with significant renal dysfunction in separate multivariate models did not significantly affect our results. In addition, we found that BMI was related to UNa (rϭ0.17; PϽ0.0001) and UNa/K ratio (rϭ0.18; PϽ0.0001) but not to UK (rϭ0.04; Pϭ0.15). In unadjusted analysis, UNa/K ratio was positively and significantly associated with LV septal and posterior wall thicknesses but not LV internal diameter, with increasing UNa/K ratio directly reflecting increasing relative wall thickness (Table S2 ).
Race-Sex Analysis
All year 5 tests for race or sex interaction, among UNa, UK, or UNa/K ratio, were not statistically significant (PϾ0.3). However, on adjusted analysis, UNa did have a significant relation with LVM only among whites. UK showed a significant inverse relation, and the UNa/K relation with LVM persisted only among blacks and men, whereas, among whites and women, no significant relationships were observed. Year 10 UNa*race interaction, but not sex interaction, was significant (Pϭ0.0009), with higher regression coefficients among whites compared with blacks. However, no other significant year 10 relationships were seen, although this may have been affected by reduced power on subgroup analysis (Table 4) . 
Discussion
We studied a mostly normotensive population-based cohort of young adults and showed a relation between sodium and potassium intake with LVM. Our research suggests that those who consume more salt and less potassium are more likely to have greater LVM. UNa/K ratio showed a more robust association with LVM than either UNa or UK alone. Unlike sodium alone, associations between UNa/K ratio and LVM remained significant after full adjustment and in sensitivity analysis conveying the fact that sodium and potassium intake are more relevant together than either taken alone. To our knowledge, no previous study has established a dose-response relationship of the UNa/K ratio with LVM among young normotensive adults. Our analysis extends to previous studies in young normotensive adults that have suggested a relationship between sodium intake and LVM but used either select populations of older hypertensives or experimental animal models, did not have prospective followup, relied solely on self-report of salt intake, or did not examine the association of UNa/K ratio with LVM. [7] [8] [9] [10] [11] [12] [13] UNa/K ratio in the International Study of Electrolyte Excretion and Blood Pressure 25 and the Trials of Hypertension Prevention 6 had a significantly stronger relation with blood pressure and cardiovascular events than did either sodium or potassium excretion alone, consistent with our study. Previous studies support the notion of inherent synergism in the joint activity of these 2 electrolytes. 26 The pressor effect of potassium depletion requires abundant consumption of sodium chloride. 27 High sodium and low potassium levels have complementary effects to reduce the availability of NO and increase asymmetrical dimethylarginine, leading to altered vascular smooth muscle cell contraction, 28 with changes in vascular compliance and peripheral vascular resistance that can increase cardiac afterload and LVM. We observed a direct relation between increasing relative wall thickness and UNa/K, suggesting that the association between UNa/K ratio and LVM may reflect concentric hypertrophy, possibly because of increased peripheral resistance without changes in LV diameter. In a meta-analysis of trials of potassium supplementation, the effect on blood pressure was modified by the mean sodium intake. 29 Dietary potassium has been shown to exert a powerful, dose-dependent inhibitory effect on sodium sensitivity and sodium retention in the setting of participants' usual sodium intake. 30 Alternatively, foods that are low in sodium and high in potassium may contribute to lower LVM, above and beyond any direct electrolyte effects. More work is needed to confirm whether greater salt and lower potassium intakes directly cause increased LVM and whether LVM is a mediator in the association of UNa/K ratio with cardiovascular disease.
The results were found in a cohort of predominantly normotensives, despite adjustment for systolic blood pressure in our multivariate models, and sensitivity analysis excluding overt hypertensives. This is consistent with previous studies. In normotensive Wistar-Kyoto control rats receiving excess dietary salt, LVM increased without hemodynamic changes. 31 Population-based studies note only relatively modest correlations of systolic blood pressure with LVM. 32 Chronic or intermittent adrenergic stimulation can lead to increased LVM before clinically overt hypertension, [33] [34] [35] and, conversely, increasing LVM may identify patients at risk of developing hypertension in the future. 2, 3 Even in the absence of overt hypertension, greater salt and lower potassium intake may increase myocardial fibrosis, increase blood volume, increase blood viscosity, and increase sympathetic outflow, 36 -39 all of which leads to potential changes in LVM.
We found significant attenuation of the relationship between UNa but not UNa/K ratio with LVM when BMI, or other markers of obesity, was included in our regression models. We repeated our analyses after exclusion of subjects with overt obesity, and this did not essentially alter the results. It is possible that BMI is a significant confounder, associated with both sodium intake and LVM. Alternatively, excess sodium intake may mediate a change in BMI that affects LVM. Inappropriate renin-angiotensin system activity and increased extracellular fluid volume during high sodium intake are known to occur. 40 Previous studies have suggested that obesity is directly associated with an increased in risk of renal injury, 41, 42 further suggesting an interaction between BMI and sodium intake as risk factors for adverse renal hemodynamic effects. BMI correlates with adverse renal hemodynamic responses during high sodium but not low sodium intake, [43] [44] [45] suggesting that the combination of being overweight and having high sodium intake interacts to cause increased LVM. High sodium intake seems to be associated with its most deleterious cardiorenal consequences only when weight excess is also present. Sodium restriction seems particularly beneficial among the overweight and obese. 46 Consequently, future studies should aim to determine whether we are able to abolish some of the adverse cardiorenal effects of BMI on LVM by moderate sodium restriction, thus providing a potential tool for intervention.
The relationship between UNa/K ratio with blood pressure and cardiovascular disease is well known and has been found to be somewhat stronger than UNa alone. 16, 25, 47, 48 The potassium content of the Dietary Approaches to Stop Hypertension diet of fruits and vegetables was more than twice as high as that of the typical American diet 49 ; therefore, a higher potassium/sodium ratio likely contributed to the observed benefits of the Dietary Approaches to Stop Hypertension diet. More work is needed to determine whether long-term interventions aimed at reducing salt and increasing potassium intake have any effect on LVM and cardiovascular disease risk. However, our findings support recent work suggesting important benefit by implementing such preventive strategies among young adults. 50, 51 Limitations First, we used baseline urinary measures and cannot account for changes in sodium or potassium intake during the follow-up period. Second, we assessed sodium intake over a 3-day period, which may be insufficient to estimate a participant's true usual sodium intake. Nevertheless, our study did not rely solely on dietary self-report but used objective urinary measures that are considered the gold standard for measuring sodium intake. Third, year 10 LVM was related to baseline UNa mostly because year 5 LVM was related to year 10 LVM, suggesting that UNa was not related to the change in LVM from year 5 to year 10. Thus, the strongest association in our analysis was cross-sectional. However, our prospective analysis consisted of a much smaller sample size and may have been underpowered to show significant changes in year 10 LVM independent of year 5 LVM. Lastly, the possibility of reverse causality exists with the notion that LVM, through the secretion of atrial natriuretic peptide and brain natriuretic peptide, effects change in sodium excretion and/or intake. This seems unlikely, because brain natriuretic peptide is released by myocytes in response to pressure or volume overload to cause vasodilation and, along with atrial natriuretic peptide, to promote dieresis and natriuresis. 52 It is more likely that brain natriuretic peptide is a mediator in the relation between UNa and LVM because of the increase in extracellular volume and afterload secondary to increased sodium intake. This will require further investigation.
Perspectives
We found that greater UNa and UNa/K ratio were significantly associated with greater LVM among relatively healthy young adults. These relationships were independent of blood pressure and persisted through 5 years. Unlike UNa alone, associations between UNa/K ratio and LVM remained significant after full adjustment and sensitivity analyses. One clinical implication of the present findings is that sodium and potassium intakes together are relevant factors related to cardiac structure than either taken alone. A second clinical implication highlights the potential cardiovascular consequences of higher salt intake and lower potassium intake even at younger ages. Efforts to recommend lowering dietary sodium intake while increasing consumption of potassium-rich foods, such as fruits and vegetables, at the population level have focused mostly on older adults and hypertensive patients. Public health efforts may consider also focusing on young adults to change their dietary habits regardless of their hypertensive status. Our findings should reinforce recommendations to reduce sodium intake and increase intake of a Dietary Approaches to Stop Hypertension diet in the overall population. 
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